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A cute lung injury (ALI) and ARDS are thought to be a uniform expression of a diffuse and overwhelming inflammatory reaction of the pulmonary parenchyma to a variety of triggers. 1 While ventilator support of patients with ALI/ARDS is lifesaving, it is well recognized that ventilator-associated lung injury (VALI) adds significantly to the morbidity and mortality of patients with ALI. 2 Prone positioning, as first suggested by Bryan 3 in 1974, is a relatively simple maneuver that has been shown in several series to improve oxygenation and lung mechanics and to allow a reduction in ventilator support in adults with severe impairments of gas exchange. 4 -6 There are limited data regarding the use of prone positioning in pediatric patients, and to our knowledge, there are no data describing the use of early and repetitive prone positioning in patients with ALI. The aim of this study was to describe the physiologic changes and to evaluate the safety of prolonged use of the prone position in pediatric patients with ALI.
Materials and Methods

Study Population
The study was conducted in a tertiary-level multidisciplinary ICU that admits all pediatric patients except those with congenital or acquired heart disease. The hospital's committee on clinical investigation approved the study, and informed consent was obtained from the parents or guardians of all patients.
The criteria for patient enrollment included the following: 42 weeks postconceptual age to 17 years of age; pulmonary parenchymal disease requiring intubation and mechanical ventilation; a bilateral process on chest radiograph; and significant impairment of gas exchange, defined as a Pao 2 /fraction of inspired oxygen (Fio 2 ) ratio Յ 300 mm Hg. Patients with hypotension unresponsive to volume and vasopressor administration, acute bleeding, suspected left ventricular failure, symptomatic or uncorrected congenital heart disease, a right-to-left intracardiac shunt, restrictive lung disease, reactive airways disease, intracranial hypertension, unstable long-bone fractures, spinal instability, craniofacial surgery in the past month, recent abdominal surgery, or patients supported on extracorporeal membrane oxygenation (ECMO) were excluded from the study.
Prone Positioning
After informed consent had been obtained, patients were placed in a prone position for 20 h/d until their Pao 2 /Fio 2 ratio was Ͼ 300 mm Hg while supine or until they had resumed spontaneous ventilation and were progressing toward endotracheal extubation. Patients were returned to a supine position for 4 h/d to allow skin assessment and procedures that could be accomplished only while in the supine position.
Several repositioning techniques, depending on the patient's size, were used. Infants were elevated, turned halfway, then positioned prone (or supine). Young children were first repositioned toward the edge of the bed away from the ventilator, turned on their side toward the ventilator, then positioned prone. This process was reversed when the patient was returned to the supine position. A patient positioner (Vollman Prone Positioner; Hill-Rom; Batesville, IN), as previously described, 7 was used in patients Ͼ 80 lb (36.4 kg). With the exception of increasing Fio 2 levels to keep the levels of oxygen saturation as measured by pulse oximetry (Spo 2 ) at Ͼ 85%, ventilator settings were held constant during the 1-h supine-to-prone and prone-to-supine repositioning.
When prone, the patient was positioned so that his or her abdomen was fully unrestrained from the bed. Specifically, the abdomen was allowed to protrude by elevating the upper chest and hips off the bed. This was accomplished either by keeping the patient on the patient positioner or by using two foam rolls (Eggcrate; Span American Medical Systems; Greenville, SC) individually cut to the width of the patient's shoulders and pelvis. When the patient was properly placed in the prone position, one hand would easily slide under the patient's abdomen. Slight adjustments to the patient's position were made at least every 2 h. No special bed surfaces were used, but everything placed under the patient consisted of pressure-relieving material.
General Support
The primary ventilatory strategy was to limit peak-inspiratory pressures (plateau pressures, Յ 35 cm H 2 0) and to allow permissive hypercapnia (Paco 2 , Ͼ 50 mm Hg, as long as the arterial pH was Ͼ 7.2). The primary oxygenation strategy was to keep the Fio 2 at Ͻ 0.6 and to maintain optimal lung volumes without clinical or radiologic evidence of hyperinflation, specifically, without signs of decreased cardiac output and/or the level of the diaphragm visible at the ninth rib. When supported on conventional modes of mechanical ventilation, positive end-expiratory pressure (PEEP) was gradually increased to allow a reduction in Fio 2 to Յ 0.6. When patients were supported on high-frequency oscillatory ventilation (HFOV), mean airway pressure (MAP) was gradually increased to allow a reduction in Fio 2 to Յ 0.6. Daily ventilator management was unchanged from the unit routine; that is, target arterial blood gas levels were identified during morning rounds, and ventilator settings were adjusted to achieve target arterial blood gas levels. The head of the bed was elevated 15°to 30°while patients were in both the supine and prone positions. Sedation goals were also individually determined during daily multidisciplinary rounds, and opioids and benzodiazepines were titrated to achieve target comfort levels.
Data Collection
Demographics, medical history, ALI/ARDS trigger, functional health, and pediatric risk of mortality (PRISM) 8 data were collected on the patient's admission into the study. The pediatric cerebral performance category (PCPC) and the pediatric overall performance category (POPC) scales were used to quantify cognitive impairment and overall functional morbidity. 9 The PCPC scale ranges from 1 (normal cognitive development) to 6 (brain death). The POPC scale ranges from 1 (good overall performance) to 6 (brain death). The PRISM score, a universally accepted descriptor of pediatric patient acuity, reflected the most abnormal values during the first 24 h of pediatric ICU admission. Based on the patient's history, clinical presentation, and microbiology test results, the patient was classified as having pulmonary, extrapulmonary, and/or mixed ALI/ARDS. 1 Data were obtained at the following four time periods: baseline supine position (time Ϫ 1 h); 1 h after prone positioning (time ϩ 1 h); 19 h after prone positioning (time ϩ 19 h); then 1 h after returning the patient to the supine position (time ϩ 21 h). Data collection included arterial blood gas levels, temperature, heart rate, arterial BP, central venous pressure, ventilator settings, medication profile, and the number of individuals and time required to position each patient. The levels of arterial blood gases were analyzed immediately after sampling using a calibrated portable clinical analyzer (I-Stat; I-Stat Corporation; Princeton, NJ). Single-pressure transducers (Maxxim Medical; Athens, TX) were zeroed at the phlebostatic axis in both positions. Airway pressures and lung mechanics were measured by a calibrated flow transducer connected to the patient's endotracheal or tracheostomy tube (CO 2 SMO Plus! respiratory profile monitor; Novametrix Medical Systems Inc; Wallingford, CT). Comfort medications were converted to morphine equivalents (10 mg morphine sulfate ϭ 0.15 mg fentanyl citrate) 10 and valium equivalents (5 mg midazolam ϭ 2 mg lorazepam). 10 Any significant change from baseline that was thought to be related either to the turning procedure and/or to the length of time in the prone position was recorded. Measures of patient tolerance to prone positioning included the COMFORT scale. 11 The COMFORT scale, specifically designed for use in the pediatric critical-care environment, measures patient distress along eight dimensions. 11 These dimensions include the following: (1) alertness; (2) calmness/agitation; (3) physical movement; (4) muscle tone; (5) heart rate; (6) BP; (7) respiratory response; and (8) facial tension. Scores range from 8 to 40, with higher scores indicating a greater degree of distress. The COMFORT scale was modified in patients receiving chemical paralysis; specifically, only the heart rate and BP dimensions were recorded in those patients.
Pressure ulcers were assessed and recorded using the National Pressure Ulcer Advisory Panel Consensus Development Conference recommendations. 12 The following specific definitions for pressure ulcers were used: stage I pressure ulcers include reversible nonblanchable erythema of intact skin; stage II pressure ulcers include partial-thickness skin loss involving the epidermis and/or the dermis; stage III pressure ulcers include full-thickness skin loss involving damage and necrosis of subcutaneous tissue that may extend down to, but not through, the underlying fascia; and stage IV pressure ulcers include fullthickness skin loss with extensive destruction, tissue necrosis, or tissue damage to muscle, bone, or supporting structures. Patients were assessed for the presence of clinically significant (stage II or greater) pressure ulcers on a daily basis.
Categorization of Responses
A positive patient response to prone positioning was defined as an increase of Ն 20 mm Hg in the Pao 2 /Fio 2 ratio or a decrease of Ն 10% in the oxygenation index (OI; defined as Fio 2 ϫ MAP/ Pao 2 ϫ 100) between readings taken in the supine and the prone positions. The 20-mm Hg supine-to-prone increase in the Pao 2 / Fio 2 ratio is a common measure used in research to describe a positive response to prone positioning. The criterion of a 10% decrease in OI, although not proportionate to a 20-mm Hg increase in the Pao 2 /Fio 2 ratio, was added to reflect a clinically significant improvement in oxygenation that considered isolated changes in MAP.
Daily patient responses to prone positioning were described at the following three separate time periods: after 1 h in the prone position (immediate response 5 ), after 19 h in the prone position (cumulative response 4 ), and after patients were returned to the supine position (persistent response 5 ). See Table 1 for operational definitions. Days on which the patient experienced an immediate and/or cumulative response were considered responder days. Patients who experienced more responder days over the entire study period were considered overall responders. When the numbers of responder days and nonresponder days were equal, the patient's overall response was categorized by his or her initial response on day 1.
A negative incident was defined as the occurrence of an unpreventable clinically significant adverse event, the inability to maintain the desired level of patient comfort in the prone position without significantly increasing narcotic/benzodiazepine use, or the development of a stage II 12 or greater pressure ulcer.
Statistical Analysis
Characteristics of the study population are expressed as frequencies, mean (Ϯ SEM), or median with interquartile ranges (IQRs; 25th and 75th percentile), as appropriate. Patient characteristics and outcomes were compared using the 2 test or Mann-Whitney U test for categorical data and the Student's t test for continuous data. Paired-samples t test or Wilcoxon signed rank tests were used to compare paired and/or matched data. In cases of nonnormality, appropriate transformations were applied or nonparametric procedures were performed. 13 Repeated-measures analysis of variance was used to compare data over time. All p values were two-sided, and p values of Ͻ 0.05 were considered to indicate statistical significance.
Results
Between October 1997 and March 1999, 33 patients with ALI met the study criteria. Four patients were excluded because of attending physician preference (one patient with a critical airway associated with Hurler's syndrome, one patient with purpura fulminans receiving thrombolytic therapy, one patient with a mediastinal mass, and one patient with acute chest syndrome and persistent pleural effusions). Two additional patients were not enrolled into the study because care was in the process of being redirected toward termination of support. Two of the remaining 27 patients were never placed in the prone position. One patient's Pao 2 /Fio 2 ratio improved before prone positioning was achieved, while another experienced deteriorating blood gas levels that precipitated ECMO cannulation. The characteristics of the remaining 25 patients on entry into the study are summarized in Table 2 .
The median duration of mechanical ventilation preceding the first prone positioning was 24 h (IQR, 9 to 63). The median duration of time from the recording of the first Pao 2 /Fio 2 ratio under 300 mm Hg to the first prone positioning was 19 h (IQR, 9 to 57). The baseline ventilator settings obtained on day 1 are noted in Table 3 . At baseline, neuromuscular blocking agents were used to facilitate mechanical ventilation in 80% of patients. Forty percent of patients were receiving at least one vasoactive drug to support their hemodynamic function. All patients were sedated with a combination of a benzodiazepine and a narcotic. Based on a patient's immediate response to prone positioning on day 1, 11 patients (44%) were classified as immediate responders and 14 patients (56%) were classified as immediate nonresponders. As illustrated in Figure 2 , improvements in oxygenation in the immediate responder subgroup were not cumulative but were persistent. Specifically, improvements in oxygenation did not continue after the immediate effect but did persist when patients were returned to the supine position. In contrast, improvements in oxygenation in the immediate nonresponder subgroup were cumulative but were not persistent. That is, improvements in oxygenation were not realized immediately but did continue over the 19 h of prone positioning and were not persistent when patients were returned to the supine position. Persistent improvements in oxygenation on the patient's return to the supine position occurred in patients with a lower Pao 2 /Fio 2 ratio than that at enrollment in the study (83 vs 132, respectively; p ϭ 0.01) and in patients who were positioned prone earlier after the start of mechanical ventilation (21 vs 76 h, respectively; p ϭ 0.02).
Patients were positioned prone for a median of 4 days (range, 1 to 12 days), representing 47 Ϯ 0.04% of their time on mechanical ventilation. The patient's response on day 1 did not predict his or her subsequent responses. In total, 84% of patients (n ϭ 21) were categorized as overall responders to prone positioning because they exhibited improved oxygenation over the 24-h multiple-day study period. Demographic information (age), the ARDS trigger (pulmonary vs extrapulmonary), the mode of ventilation (conventional vs HFOV), and time interval data ascribing the onset of illness to prone positioning were compared, and no significant differences were identified between overall responders and overall nonresponders. Patients were weaned from mechanical ventilation while in the prone position, and fewer patients were receiving neuromuscular blockade at the time of study termination.
During the 107 patient-prone days, the protocol was interrupted 11 times (10%) in 7 patients (28%). Patients were repositioned supine earlier than planned because of procedures (eight procedures in four patients) or clinical events (three events in three patients). After procedures, three of the four patients returned to the prone position to complete their 20-h protocol; one patient remained supine to allow observation of an unrelated medical complication that necessitated prolonged supine immobilization. Three clinical events (unexplained hypotension, acute GI bleeding, and seizure activity) in three different patients necessitated supine repositioning to enhance patient assessment. Two of the three patients were returned to the prone position; one patient remained supine because, by the following morning, she was actively weaning from mechanical ventilation.
Patients tolerated prone repositioning and the 20-h prone position without exhibiting physiologic compromise. There were no significant differences in heart rate or mean arterial BP among the four data collection points. No patient experienced a persistent decrease in Spo 2 of Ͼ 10% from that in the supine position, failed to keep his or her Spo 2 at Ͼ 85%, or experienced an increased respiratory rate of Ͼ 40 breaths/min when prone. To help ease a patient though the position change, the Fio 2 was temporarily increased an average of 10% in 8 of 107 supine-to-prone cycles in six patients and was in- creased temporarily an average of 19% in 23 of 107 prone-to-supine cycles in eight patients. Two patients were returned to the prone position in less than the scheduled 4 h because they exhibited significant desaturation on 2 separate days when returned to the supine position.
Individual COMFORT scores 11 were not significantly different among the four observation periods. Narcotics were increased an average of 11% (IQR, 0 to 19%) per day, and benzodiazepines were increased an average of 2% (IQR, Ϫ 22 to 11%) per day.
Iatrogenic injuries associated with the 107 patientdays and 214 positioning cycles were evaluated. No critical incidents during prone positioning and repositioning occurred. Six patients (24%) developed eight stage II pressure ulcers involving the sternum, iliac crest (two patients), knee, pretibial crest, auricle of the ear, and upper lip/corner of the mouth (two patients). No patient developed a stage III or IV pressure ulcer. 12 Prone positioning did not worsen preexisting skin injury (graft-vs-host disease and purpura fulminans).
Twenty patients (80%) successfully completed the study protocol; 13 patients (65%) were actively weaning from mechanical ventilation and 7 patients (35%) experienced a Pao 2 /Fio 2 ratio of Ն 300 mm Hg while in the supine position. Five patients did not complete the study protocol; two patients were cannulated for ECMO, one patient died from multisystem organ failure, one patient experienced an exacerbation of reactive airways disease, and one patient exited the study for an unrelated medical complication that necessitated prolonged supine immobilization. After successful completion of the protocol, survivors were extubated in a median time of 2 days (IQR, 1 to 4.75 days). The mortality rate during the study period was 20%, while the 28-day mortality rate was 24%. No deaths were related to prone positioning. Deaths occurred in the two patients who ultimately were supported on ECMO and in three bone marrow transplant (BMT) patients. The one additional late patient death was also a BMT patient. Of note, all BMT patients who were enrolled in the study did not survive.
Discussion
This study is unique in that it is the first pediatric study (to our knowledge) to describe the physiologic changes and to evaluate the safety of prone positioning in patients with ALI. This is also the first study (to our knowledge) to report the effects of a protocol that places patients in the prone position (1) early in their course of illness, (2) for 20 h/d, and (3) daily until clinical improvement or death occurred.
When prone position measurements were compared to baseline measurements from the supine position, both immediate and cumulative improvements in oxygenation were seen. Our findings support those of Murdoch and Storman 14 who demonstrated improved oxygenation in seven children with ARDS who were positioned prone for 30 min. Unlike Numa et al, 15 our data support the use of prone positioning in pediatric patients with ARDS. We suspect that the conclusion of Numa et al 15 is limited by the small number of patients with ARDS in their study of prone positioning and by the long duration of mechanical ventilation (mean, 11.9 days) prior to the use of the prone position.
There are a number of studies reporting the effectiveness of prone positioning in a small series of adult patients with ARDS. Response rates to prone positioning in the adult population average 70%. 16 Using the same operational definition as traditionally used in the literature, 80% of our sample of pediatric patients immediately responded to prone positioning at least once. Consistent with previous observations, [17] [18] [19] the daily patient response did not predict his or her subsequent response(s). Insufficient sample size precluded stratification by age, ARDS trigger (pulmonary vs extrapulmonary), or mode of ventilation (conventional or HFOV) on patient response to prone positioning.
Our protocol was modified from Fridrich et al, 4 who studied the effects of 20-h prone positioning in adult trauma patients with ARDS. Fridrich et al 4 reported the selection of a 20-h duration for practical reasons, in that only two turns per day were necessary in their critically ill patient population. We support the practical aspects of a twice-daily prone protocol. We also extended the work of Fridrich et al 4 by positioning more patients prone for a greater proportion of their time on mechanical ventilation. We enrolled 25 rather than 20 patients, and positioned patients prone for 47 Ϯ 22% rather than 28 Ϯ 17%, respectively, of their time on mechanical ventilation.
To date, only Fridrich et al 4 and Jolliet et al 17 have described the pattern of patient response to prolonged (ie, Ͼ 12 h) prone positioning, and their findings are not consistent. While both studies 4, 17 report an immediate and persistent patient response to prone positioning, Fridrich et al 4 describe a cumulative improvement in oxygenation in a 20-h protocol, and Jolliet et al 17 describe a diminishing improvement in oxygenation after 2 h in a 12-h protocol. Our data differentiate the patient's cumulative and persistent response based on the immediate response to prone positioning. Specifically, we report a cumulative improvement in oxygenation over the 20-h protocol in the immediate nonre-sponder subset and persistent improvements in oxygenation after a return to the supine position in the immediate responder subset. Given that immediate nonresponders may eventually exhibit a cumulative effect and that prone positioning may facilitate the use of less toxic MAPs and levels of Fio 2 , it seems reasonable that patients should remain prone for as long as possible. Returning a patient to the supine position for 4 h/d does allow sufficient time for skin assessment and for procedures that can be accomplished only when the patient is in the supine position.
Our data suggest that the optimal response and beneficial effect of prone positioning may be most likely during the early edematous phase of ARDS, when lung edema and atelectasis predominate.
Much earlier than what has been reported to date, 4,17,20 we were able to position patients prone within 19 h from the recording of their first Pao 2 / Fio 2 ratio that was Յ 300 mm Hg and within 24 h after the start of mechanical ventilation. Improvements in oxygenation persisted on the patient's return to the supine position in patients positioned prone earlier after the start of mechanical ventilation (ie, 21 vs 76 h, respectively). This finding is consistent with that of Broccard et al, 21 who evaluated the effect of early prone positioning on the extent and distribution of experimental lung injury in an oleic acid canine model of ARDS using mechanical ventilation with high tidal volumes and PEEP. They reported more extensive histologic abnormalities in animals ventilated in the supine position than in those ventilated in the prone position. If early prone positioning limits VALI, then one should expect persistence in improved oxygenation when patients are returned to the supine position.
As the study of prone positioning has evolved from one-time 2-h protocols 22 to repetitive 20-h protocols, so must its terminology evolve. Considering that a patient's initial response was related to, but not predictive of, the subsequent response and that traditionally defined immediate nonresponders may experience a cumulative effect, patients should be categorized as responders or nonresponders based on their overall not their immediate response to prone positioning. We describe an 84% overall responder rate in the pediatric population, and, specifically, the most frequent response to prone positioning in 84% of these pediatric patients was improved oxygenation.
Prone positioning can be accomplished safely in critically ill pediatric patients with ARDS. No critical incidents related to prone positioning and repositioning occurred. Our experience also demonstrates that patients in the prone position can be effectively ventilated using various modes of mechanical ventilation and can be weaned from mechanical ventilation while prone.
We report a 24% incidence of preventable stage II pressure ulcers. Three of the eight pressure ulcers (chest, right iliac crest, and left iliac crest) occurred in patients on the positioner (Vollman Prone Positioner). While we found the positioner to be very helpful in turning patients, prolonged use while prone should be evaluated on a case-by-case basis. Two pressure ulcers, located at the corner of a patient's mouth, were caused by the endotracheal tube. Taping the endotracheal tube to the upper lip could have prevented these pressure ulcers. Patient repositioning and use of pressure-relieving devices could have prevented the remaining three pressure ulcers located at the knee, pretibial crest, and auricle of the ear. We systemically assessed, described, and attempted to prevent pressure ulcers in patients who were in the prone position repeatedly for 20 h/d. Our results are similar to the 16% incidence of undifferentiated pressure ulcers reported by Jolliet et al 17 and may be less than the "frequent" mild cutaneous and mucus damage reported by Chatte et al. 5 
Conclusion
In conclusion, this study provides data on the response and safety of early and repeated prone positioning in pediatric patients with ALI. This study supports the continued study of prone positioning as a therapeutic intervention to improve systemic oxygenation in patients with ALI/ARDS. The potential benefits associated with early repeated prone positioning include improved arterial oxygenation and the use of less toxic levels of inspired oxygen and airway pressures. This may eventually translate to improved clinical outcomes, specifically, a reduction in VALI and a reduction in the total length of mechanical ventilation in patients with ALI. A prospective randomized trial is necessary to answer the question of whether or not recovery from ALI is enhanced in the prone vs the supine position. This study provides a foundation for a prospective randomized study investigating the effect of early and repeated prone positioning on clinical outcomes in pediatric patients with ALI.
